We theoretically demonstrate that, for a given diameter of the core-pumped metal-dielectric nanowire, there is an optimum thickness of the metallic cladding that provides the maximum propagation length of the lowest-order surface plasmon polariton (SPP) modes. If the nanowire is fabricated with the optimum cladding thickness, the lowest pumping power is required to fully compensate for the SPP propagation losses. We also show that a strong confinement of SPPs within the nanowire can be achieved, but at the expense of either high optical gains or large nanowire diameters. For example, a gain of 565 cm −1 would suffice to make up for the decay of SPPs in a 250-nmthick silver-GaAs nanowire; the confinement of optical power within such nanowires exceeds 90%, which makes them ideal interconnects for nanophotonic circuitry. © 2010 Optical Society of America OCIS codes: 250.5403, 240.5420, 240.6680, 250.5590. Surface plasmon polaritons (SPPs) are coupled oscillations of electron plasma and the free electromagnetic field, which propagate along metal-dielectric interfaces [1] . The ability to confine SPPs within dimensions below the diffraction limit makes them suitable for a broad range of promising applications, including miniaturized optical-circuit elements such as interconnects, couplers, and switches [2] . The high performance of nanophotonic circuitry is not feasible without efficient waveguiding of SPPs, which can be achieved by using either pure metallic or metal-dielectric nanowires. Unfortunately, the propagation length of SPPs in these nanowires is limited to a few micrometers by the intrinsic ohmic losses. To overcome this limit, optical gain can be introduced into the dielectric medium adjacent to the metal [3] [4] [5] . In pure metallic nanowires, the only possible way to compensate for losses is to pump the host dielectric, but this may require an increased size of the circuit. However, in compound semiconductor nanowires, dielectric cores can be pumped [6] , and a natural question arises, which is whether or not there is an optimum thickness of the metallic cladding that gives the maximum propagation length of the SPPs. In this Letter, we demonstrate that the answer to this question is positive. We theoretically study the propagation of SPP modes in single-core metaldielectric nanowires and come up with design guidelines that are important for their applications. Consider a metal-dielectric nanowire with a dielectric core of radius R 1 and metal cladding of radius R 2 . The cross section of the nanowire is shown in Fig. 1(a) . We restrict our analysis to the fundamental TM-SPP mode that exists regardless of the value of R 2 [7] . The electric field of this mode in the jth medium is of the form E j ðr; tÞ ¼ E j ðρÞ exp½iðkz − ωtÞ, where ρ and z are the cylindrical coordinates, and ω is the SPP frequency. The guiding wavelength and the attenuation coefficient of SPPs are determined by the real and imaginary parts of the propagation constant k, which can be found from the dispersion equation [8]
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where ε j are the permittivities of the dielectric core ðj ¼ 1Þ, the metal cladding ðj ¼ 2Þ, and the host medium ðj ¼ 3Þ; 
In the ideal situation, when both the gain and losses are absent (i.e., Imε j ¼ 0 for j ¼ 1; 2; 3), the roots of the dispersion equation are real and the propagation length of the SPPs, L SPP ¼ ð2ImkÞ −1 , is infinite. In this case, the metal permittivity is approximately described by the Drude formula
2 Þ, where ω p is the plasma frequency. For ω < ω p , the dispersion of the fundamental TM-SPP mode has at least two branches below the light line. These branches are shown in Fig. 1 (a) for silverGaAs nanowire surrounded by air. The two dispersion branches correspond to the modes of different symmetry; the symmetry depends on whether the ρ component of the electric field changes its sign inside the cladding or not [9] . In what follows, we consider only the antisymmetric SPP mode (the lower dispersion branch), because it does not exhibit a cutoff and is most favorable for applications at the nanoscale.
It is significant that, at low frequencies, SPPs reside near the outer interface ðρ ¼ R 2 Þ of the nanowire, while at high frequencies, they are predominantly confined near the inner interface ðρ ¼ R 1 Þ. This is evidenced by the radial distribution of the Poynting vector shown in Fig. 1(b) . We refer to the above two cases as the outerand inner-interface SPPs, respectively. As seen from Fig. 1(b) , the outer-and inner-interface SPPs are characterized by different tangents of the dispersion branch. In the region between the strong and weak dispersion regimes, the distribution of SPP energy near the two interfaces is almost even. Most importantly, for our further analysis, in this region, the ratio of power inside the cladding to the power inside the core exhibits a minimum, as shown by the red curve in Fig. 1(a) .
When SPPs propagate in a real metal-dielectric nanowire, they attenuate owing to ohmic losses in the metal, linear absorption in the dielectrics, and scattering at surface imperfections. For simplicity, we neglect the scattering losses. The other two channels of energy dissipation can be characterized by the positive imaginary parts of the permittivities ε j . The imaginary part of the SPP propagation constant in this situation is also positive, and the mean energy dissipating per unit time in the system is of the form [10] P ∝ X j¼1;2;3
where R 0 ¼ 0 and R 3 ¼ ∞. The associated decay of the SPP mode can be partially or fully compensated by introducing gain into the nanowire core or host medium [11] .
Without loss of generality, we restrict ourselves to the scenario where metal-dielectric nanowire is surrounded by air, and the required gain γ is achieved by optically pumping its core in the radial direction (this pumping method is efficient, provided the thickness of the cladding is ≲100 nm [12] ). From a mathematical viewpoint, γ is related to the negative imaginary part of the permittivity
. Because γ ≪ k 0 for the frequencies of interest, adding gain has little effect on the dispersion of the SPP mode and the radial distribution of the mode energy shown in Fig. 1 . It is reasonable, therefore, to expect the minimum energy dissipation and the longest propagation of SPPs for the wavevector in the vicinity of the point B on the dispersion curve, where the energy localized inside the metal cladding is minimal. Figure 2 (a) shows how the total power dissipating in a 200-nm-thick nanowire reduces when the nanowire is optically pumped to provide different levels of gain. For comparison, the black curve corresponds to the absence of pumping. The horizontal axis shows the relative thickness of the metallic cladding, q ¼ 1 − R 1 =R 2 . It is seen that, as the gain is increased, a significant reduction of P occurs around q 0 ≈ 17%. The propagation length of SPPs peaks at this value of q, as shown in Fig. 2(b) . When q → 1, L SPP approaches the propagation length of SPPs in a pure metallic nanowire (dotted line). Significantly -as evidenced by the red curve in Fig. 2 (b)-above a certain pumping level, the propagation length in the metal-dielectric nanowire can become greater than that in a pure metallic nanowire.
If the gain equals a critical value γ c , the propagation of the SPPs becomes lossless in the sense that Imk ¼ 0 and L SPP tends to infinity [5] . Increasing γ above this value results in Imk < 0, which implies amplification of the SPPs along the nanowire owing to optical pumping. Figure 3(a) shows the dependence of critical gain γ c on q in 100-, 200-, and 240-nm-thick nanowires. One can see that γ c can be substantially reduced by appropriately choosing the thickness of the metallic cladding. For example, the minimum value of γ 0 ≈ 1207 cm −1 achieved at q 0 ≈ 17% is approximately half of that which is required for lossless propagation at q 0 ¼ 25%. As illustrated by Figs. 3(a) and 3(b) , thinner nanowires require more intense optical pumping to reach γ 0 . This is explained by two factors: the increase in ohmic losses associated with the antisymmetric SPP mode with decreasing cladding thickness [13] , and the decrease in the size of the core region providing gain (despite the fact that the cladding becomes thinner). When the nanowire radius decreases to approximately 40 nm, q 0 becomes zero, implying that the nanowire is purely dielectric; SPPs do not exist below this limit. It is important to note that the gains of ∼1000 cm −1 , which are required to compensate for ohmic losses, have been demonstrated experimentally [14] and can be realized in practice.
One of the key factors determining the applicability of a plasmonic nanowire in a photonic circuit is the extent of its interaction with the nearby components. In order for this interaction to be weak-as is desired in practicethe electric field of the SPP mode should not extend far beyond the nanowire. The confinement of the electric field inside the metal-dielectric nanowire can be characterized by the coupling factor ξ, defined as the ratio of the modal power outside the nanowire to the total power of the SPP mode [6] . The dependence of ξ on the radius of the nanowire with optimal cladding thickness is shown in Fig. 3(c) . It is seen that the coupling factor peaks at R 2 ≈ 80 nm, which turns out to be the least preferable nanowire radius. If the goal is to compensate for losses with minimal pumping power, then thick nanowires are preferred over thin ones. However, if the objective is to minimize the nanowire diameter, then the smaller nanowires can be used, but only at the expense of larger gains. It should be emphasized that the confinement of the electric field within thick nanowires is remarkably high and can exceed 90% for R 2 > 125 nm.
As a concluding remark, we would like to note that when R 2 is relatively small, the metallic cladding corresponding to q 0 can be as thin as a few nanometers (e.g., R 2 − R 1 ≈ 4 nm for R 2 ¼ 50 nm). In this case, one needs to allow for the increase in the collision frequency δ 2 of electrons, owing to the larger surface-to-volume ratio. Such an allowance will not, however, affect our general conclusions for cladding thicknesses exceeding 6 nm [15] .
To summarize, we have shown that an optimal value exists for the ratio of the cladding thickness to the radius of the metal-dielectric nanowire that maximizes the propagation length of SPPs in the presence of optical pumping. In the nanowire with the optimum cladding thickness, the decay of the SPPs can be fully suppressed with the minimal pump power. We have also shown that it is possible to enhance the confinement of the SPPs by increasing the radius of the nanowire or by reducing the radius and increasing pump power. Our results may prove useful in optimizing the performance of nanowirebased interconnects for nanophotonic circuitry.
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